Abstract-We show that by placing a slab of semiconductor material between two photonic bandgap (PBG) mirrors, waveguide modes at frequencies out of the PBG can be obtained. These modes are similar to the modes of a conventional dielectric slab waveguide. Using these modes, we can obtain very good coupling between a PBG waveguide and a dielectric slab waveguide with similar slab properties. We discuss the properties of these slab modes and outline the guideline for the optimization of the PBG waveguides based on these properties.
Two important physical mechanisms for guiding light in PBG waveguides are total internal reflection (due to the index contrast between middle slab and cladding) and Bragg reflection (due to the presence of photonic crystal). Similar mechanisms are responsible for guiding in photonic crystal fibers [17] , which have a periodic array of holes. These photonic crystal fibers come in two varieties: 1) fibers whose symmetry has been broken by replacing the central hole with glass to create a high index defect and 2) fibers whose symmetry has been broken by replacing the central hole with a larger hole. In the former case, guiding is achieved by total internal reflection as the average index in the dielectric region with the holes (the cladding region) is less than that in the central filled region (or core region) [18] .
Although the general guiding mechanisms in planar PBG waveguides and photonic crystal fibers are similar, there are two major differences between the two types of waveguides. First, the plane of discrete periodicity of the two-dimensional (2-D) photonic crystal is perpendicular to the guiding direction in photonic crystal fibers while it includes the direction of propagation in planar PBG waveguides. In other words, planar PBG waveguides have discrete periodicity in the guiding direction while photonic crystal fibers do not. As a result, distributed Bragg reflection (DBR) in the guiding direction is always present in PBG waveguides while it is not present in photonic crystal fibers.
The second difference between planar PBG waveguides and photonic crystal fibers is the confinement of light in air-core structures. Light is well confined in the core of an air-core photonic crystal fiber, since the plane of 2-D periodicity of the photonic crystal is perpendicular to the direction of propagation. On the other hand, the photonic crystal in a planar PBG waveguide can only help confine the light in one perpendicular direction (compared to the guiding direction), since the plane of periodicity includes the propagation direction. In the numerical analysis, we assume the third dimension to be infinite. However, this assumption is not valid in fabricating actual structures. Therefore, the light can not be confined in the third direction in air-core PBG waveguides. In dielectric-core PBG waveguides, the confinement in the third direction is provided by total internal reflection. This explains why previous experimental work in planar photonic crystal optical waveguides has been performed using dielectric-core waveguides. Therefore, we limit our attention in this paper to dielectric-core photonic crystal optical waveguides.
In this paper, we show that the properties of the fundamental mode of a PBG waveguide are mainly affected by the total internal reflection (similar to a conventional dielectric slab waveguide) and the distributed Bragg reflection (due to the presence of the photonic crystal). We also show that the range of loss-less guiding in a PBG waveguide is not limited to the PBG. In other words, the presence of an absolute PBG is not necessary for loss-less guiding. The main limitation for the loss-less guiding in a PBG waveguide is the coupling of the guided mode to other modes of the photonic crystal that are extended to the photonic crystal region. The absence of photonic crystal modes with the same frequency and wavevector as those of the guided mode are necessary for loss-less guiding. Therefore, the main role of PBG in dielectric-core PBG waveguides is to provide a frequency range in which there is no other mode to couple the guided mode into. The actual frequency range with this property is usually bigger than the absolute PBG. Having this fact in mind, we use the phrase "PBG waveguide" to refer to the waveguides made by generating a line defect in a photonic crystal without implying that the guiding mechanism is due to the PBG itself.
Understanding the properties of the PBG waveguides is important in explaining the experimental results, and designing PBG waveguides appropriately. For example, some experimental results for the design of bends using photonic crystal optical waveguides have been recently reported. In explaining these experimental results, it has been assumed that the guiding in a PBG waveguide is limited to the PBG. In this paper, we show that this assumption is not necessarily true. Therefore, the low experimental transmission through the bends in the reported experiments can be due to the guided modes out of the PBG that are not efficiently transmitted in waveguide bends.
Efficient coupling of light into and out of a PBG waveguide (for example, from an optical fiber) is important in both performing experiments with PBG waveguides and in designing optical elements using photonic crystals. We show in this paper that a dielectric slab waveguide can be coupled efficiently in a wide frequency range to a PBG waveguide and vice versa. Methods for efficient coupling of light into and out of a dielectric slab waveguide (from a fiber or from free space) are well known. For example, tapered slab waveguides can be used for optimizing the coupling efficiency. Therefore, our results suggest that we can use dielectric slab waveguides for coupling light into and out of PBG waveguides as well as for connecting optical elements made from photonic crystals.
In this paper, we discuss the properties of the slab modes of a PBG waveguide in detail. We also present the numerical analysis of the coupling of a dielectric slab waveguide to a PBG waveguide. We discuss the numerical method we used in our simulations in Section II. The properties of the fundamental slab mode of a PBG waveguide are discussed in Section III. We discuss the different issues in coupling of a dielectric slab waveguide to a PBG waveguide in Section IV. The importance of the slab modes of a PBG waveguide and some suggestions about the applicability of the results of this paper are discussed in Section V, and final conclusions are drawn in Section VI.
II. SIMULATIONS
The main structure we used in the analysis of this paper is the connection of a dielectric slab waveguide to a PBG waveguide as shown in Fig. 1 . The thicknesses of the middle slabs of both waveguides are equal to . The photonic crystal we Fig. 1 . Connection of a dielectric slab waveguide to a PBG waveguide. The PBG waveguide is made by putting a dielectric slab of thickness d between two PBG mirrors. Each PBG mirror is composed of v=a periods of a square lattice of air columns in the same dielectric as the middle slab. The length of the PBG waveguide is assumed to be h. The period of the photonic crystal and the radius of the air columns are equal to a and r, respectively. For all structures analyzed in this paper, a = 24 calculation cells and r=a = 0:45 are used. Furthermore, perfectly matched layers are used around the structure (left, right, top, and bottom). We also put a thin layer (ten calculation cells) of either dielectric or air between the PBG and PML on top and bottom of the structure.
The dielectric used in this paper is GaAs ( = 12:96).
use throughout this paper is a 2-D square lattice of infinite air columns in gallium arsenide (GaAs) as shown in Fig. 1 . The radius of the air holes ( ) is 45% of the lattice period ( ) to assure the existence of a PBG for TE modes (electric field parallel to the axis of the air columns). The length of the slab waveguide is twice the period length ( ) of the photonic crystal, while the length of the PBG waveguide is shown by . The thickness of each PBG mirror in the vertical dimension is shown by . To analyze the guiding structures, we used a computer code based on the 2-D finite difference time domain (2D-FDTD) method [19] . We also put perfectly matched layers (PML) [20] around the structures at all boundaries. Finally, we assume that there exists a thin layer of either air or GaAs between the PBG mirror and the PML on top and bottom of the structure. In the calculations of this paper, the speed of light in vacuum ( ) is normalized to one, and all spatial dimensions are in the units of calculation cells.
To calculate the power transmission spectrum (transmission coefficient versus frequency) from the slab waveguide to the PBG waveguide, we used a pulsed Huygens source [21] to excite the fundamental TE mode in the slab waveguide at in Fig. 1 . We calculated the spectrum of the power transmitted through the PBG waveguide by taking the Fourier transform of the fields and then integrating the Poynting vector over a surface of 60 calculation cells centered at the middle of the PBG slab at in Fig. 1 . The power transmission coefficient was then calculated as the ratio of the transmitted power to the incident power. The field patterns in the structure of Fig. 1 were calculated using a constant frequency Huygens source to excite the fundamental TE mode (electric field normal to the calculation plane) in the slab waveguide at . To calculate the dispersion diagram of the slab mode of the PBG waveguide, we used an order-N spectral method [22] in the computational domain shown in Fig. 2(b) with Bloch boundary conditions on the left and right sides and perfectly matched layers (PML) on the top and bottom of the structure. The electric field patterns of the slab mode of the PBG waveguide at different frequencies were obtained through similar procedure by exciting the structure with a constant frequency source. More details of our numerical algorithms can be found in [23] and [24] . Fig. 2(a) shows the dispersion diagram for the TE mode of the PBG waveguide shown in Fig. 1 . The parameters of the PBG waveguide used in this calculation are and with being the period of the photonic crystal. Fig. 2(b) shows the electric field pattern of this mode at three different frequencies.
III. SLAB MODES IN PBG WAVEGUIDES
The mode shown in Fig. 2 is a confined mode with its energy concentrated mainly in the middle slab region at the frequencies in the middle of the dispersion band [ Fig. 2(a) ]. The mode is lossy at both edges of the dispersion band ( and ). We have also shown the dispersion curves of the fundamental TE mode (with electric field normal to the calculation plane) of a conventional dielectric slab waveguides with the same slab thickness ( ) and permittivity ( ) as the middle slab of the PBG waveguide. The region above and below the slab in the dielectric slab waveguides is assumed to be air ( ). The dispersion curve of the slab waveguide mode in Fig. 2(a) is restricted to the first Brillouin zone of the slab waveguide with imposed artificial spatial periodicity , the same as that of the photonic crystal waveguide.
As Fig. 2(a) shows, the PBG waveguide mode has a similar dispersion diagram to the slab waveguide mode. The dispersion curve of the TE slab mode of the PBG waveguide becomes more similar to that of the fundamental mode of a slab waveguide with if we replace the air cladding regions ( ) with a material with average permittivity as shown in Fig. 2(a) . The difference between the dispersion diagrams of the two modes is due to the higher confinement of the PBG waveguide mode that is the result of the presence of the PBG mirrors (instead of a continuous dielectric) on both sides of the middle slab. The relatively flat behavior of the dispersion diagram of the slab mode of the PBG waveguide at the high symmetry point ( ) is due to the DBR from the periodic structures on the top and bottom of the slab region. The main difference between the PBG waveguide mode and the slab waveguide mode is that the former has some loss at low and high frequencies due to the coupling of energy to the modes that propagate in the photonic crystal at frequencies outside the PBG. This loss is negligible for a range of frequencies ( ) that is larger than the PBG ( ). As Fig. 2(b) suggests, the field pattern of the PBG waveguide mode is similar to that of the slab waveguide. Therefore, we expect very good coupling between the two waveguides over a relatively wide frequency range.
IV. COUPLING OF A SLAB WAVEGUIDE TO A PBG WAVEGUIDE
The spatial similarities between the slab modes of a PBG waveguide and those of a dielectric slab waveguide suggest that we can expect efficient power transmission from one waveguide to the other. Fig. 3 shows the electric field pattern of a TE mode (electric field parallel to the axis of the air columns) at the intersection between a slab waveguide and a PBG waveguide with similar slab thicknesses and permittivities. The frequency of the source used in this calculation was , which is out of the bandgap. The PBG waveguide mode at this frequency (even though it is out of the PBG) has very low loss since it is well confined in the slab region. Fig. 4 shows the power transmission coefficient (from the slab waveguide to the PBG waveguide) versus frequency for the waveguide connection shown in Fig. 3 . As Fig. 4 shows, it is possible to have a high transmission coefficient between a slab waveguide and a PBG waveguide over a relatively wide range of frequencies (larger than the PBG) corresponding to the Fig. 3 . Electric field pattern of the TE mode (electric field parallel to axis of the air columns) for the intersection of a dielectric slab waveguide and a PBG waveguide with equal slab thicknesses. The specifications of the waveguides are the same as those in Fig. 1 . The normalized frequency of the source is !a=(2c) = 0:258, which is out of the PBG of the photonic crystal.
range of frequencies over which the PBG waveguide mode has very low loss. The transmission coefficient at higher frequencies ( ) is smaller due to the excitation of other modes of the PBG structure that are lossy. These modes attenuate as they propagate along the PBG waveguide. As Fig. 4 shows, putting air instead of GaAs on top and bottom of the entire PBG waveguide (between the PBG mirrors and the PML) will affect the smaller peak [at ] in the transmission coefficient. However, the high transmission behavior at middle frequencies is not affected considerably by the material at the top and bottom of the structure. This is due to the fact that for these frequencies, the mode is well confined and is not influenced by the structure far from the slab region.
To understand the different aspects of the coupling between a slab waveguide and a PBG waveguide, we need to investigate the effects of the design parameters in the power transmission spectrum. The effect of the top and bottom medium (air or semiconductor) was discussed above. In the following, we discuss the effects of the horizontal and vertical sizes of the PBG waveguide as well as the effect of the slab size.
A. Effect of the Length of the PBG Waveguide ( )
A very interesting phenomenon in the coupling of a slab waveguide to a PBG waveguide is DBR [25] . This effect depends on the length of the periodic structure in the guiding direction. Fig. 5(a) shows spectra of power transmission from a slab waveguide to two PBG waveguides with different lengths ( in Fig. 1 ). The power reflection spectra for the two structures are shown in Fig. 5(b) . We included a lower frequency range in the spectra shown in Fig. 5(a) and (b) to show the reflection peak (or the transmission minimum) due to the DBR effect at . The thicknesses of the PBG mirrors on the top and bottom of the middle slab for the two cases was the same ( ). Fig. 5(b) shows that the reflection peak is stronger for the longer PBG waveguide ( ) due to the longer interaction region between the electric field and the periodic structure. The main reflection peak and the subsequent smaller reflection peaks for the longer waveguide ( ) are narrower than those of the shorter waveguide ( ). Fig. 5 shows that the variation of the power transmission coefficient within the high transmission region ( ) is mainly due to the DBR effect, and not due to the power loss from energy coupling to other PBG modes. This argument also explains why the longer waveguide has faster variation (or more local maxima and minima) of the transmission spectrum in the high transmission frequency window compared to the shorter waveguide. If these variations were due to the waveguide loss, the power transmission coefficient would be much smaller than what we calculated for the longer waveguide (as a result of exponential power loss). Note also that for PBG waveguides longer than some minimum length, the effect of the DBR does not significantly change with the length of the waveguide. Fig. 6 shows the transmission spectra from a slab waveguide to two PBG waveguides with different PBG mirror thicknesses ( in Fig. 1 ). Both PBG waveguides used in this calculation had the same length ( ). Other properties of the structures are mentioned in the caption. As Fig. 6 shows, the power transmission coefficient over the high transmission window ( ) is not highly influenced by changing the thickness of the PBG mirrors ( ). This is another indication that the electromagnetic energy in this frequency window is highly concentrated in the slab region.
B. Effect of the PBG Mirror Thickness ( )
We attribute the small variation of the power transmission coefficient with in the high transmission window to the excitation of the surface modes at the intersection of the two waveguides. To support this argument, we have shown the electric field patterns of the fundamental TE mode at in the two structures with different PBG mirror thicknesses ( ) in Fig. 7(a) and (b) . Fig. 7 (b) shows stronger excitation of the surface modes in the structure with thicker PBG mirror ( ) at this frequency. We can think of these surface modes as the modes of a Fabry-Perot structure placed between the slab and the outside (air) region. The frequencies of these surface modes are different for different PBG mirror thicknesses ( ). Therefore, the small local minima of the transmission spectra in the high transmission window corresponding to these surface modes occur at different frequencies. Furthermore, the number of the surface modes as well as the power coupling from the guiding mode into these surface modes are larger in the thicker structures resulting in more variations of the transmission coefficient in the high transmission window. It is important to note that the reduction of the transmission power due to the excitation of the surface modes is much smaller than that due to the DBR effect. Fig. 8 shows the power transmission spectra from a slab waveguide to a PBG waveguide for three different slab sizes ( in Fig. 1 ) of the two waveguides. As Fig. 8 shows, the frequency of the minimum transmission due to the DBR effect becomes smaller as we increase the slab thickness ( ). This can be explained by the following argument: The field strengths in the dielectric and air regions of a structure with larger at any frequency are similar to those of a structure with smaller at a higher frequency (or a shorter wavelength). This is due to the scaling properties of the Maxwell's equations [26] . Therefore, we expect the peaks of the DBR effect to be shifted to lower frequencies as we increase the slab thickness . It is important to note that the position of a DBR peak does not inversely scale with (as one might expect) since the photonic crystal regions on top and bottom of the slab are the same (and not scaled with ) in these calculations. We should also note the coupling of the slab mode with the other modes of the photonic crystal at higher frequencies. As becomes larger, the DBR peak at higher frequencies ( ) moves toward lower frequencies where the coupling to the other modes of the photonic crystal is reduced. Therefore, the power loss due to the coupling to these extra modes is reduced, and higher DBR peaks are obtained. It is important to note that all the coupling aspects discussed here are not limited by the photonic band gap of the crystal. The important frequency ranges to consider are where extra (or extended) modes of the photonic crystal exist, and where DBR peaks occur. For example, we can have low power transmission from the slab waveguide to the PBG waveguide even within the bandgap if the DBR effect has a peak there.
C. Effect of the Middle Slab Size ( )

D. Coupling Out of the High Transmission Window
Although we are mainly interested in the range of frequencies where we can obtain efficient transmission from the slab waveguide to the PBG waveguide, it is instructive to investigate the power transmission spectrum at higher frequencies. Fig. 9 shows the power transmission spectra for different PBG mirror thicknesses ( ) at these frequencies. The loss in power transmission at higher frequencies is mainly due to the coupling of energy from the slab mode to the other modes of the photonic crystal. Therefore, the electromagnetic energy is more distributed inside the structure, and the wave propagation in the PBG waveguide is affected by the structure even far from the slab region. Fig. 9 shows that the number of transmission minima in the higher frequency regime is larger for larger thickness of the photonic crystal ( ) on the top and bottom of the middle slab. This behavior is similar to the power transmission through a Fabry-Perot structure. Fig. 10 shows the electric field pattern of the TE mode of the structure at . The air regions between the PBG mirrors and the PMLs in the calculation of Fig. 10 are extended to show the radiation of the power out of the structure. The power loss due to the coupling of energy to the modes of the photonic crystal is visible from Fig. 10 . It is also important to note that the DBR effect still exists at high frequencies. However, the reflection peaks are not as strong as they are at lower frequencies due to the power loss from coupling to the modes of the photonic crystal.
Although Fig. 9 shows some transmission peaks with more than 80% power transmission at higher frequencies, we can not use the PBG waveguide at these frequencies. The large peak transmissions in Fig. 9 is only due to the short length of the PBG waveguide used in our calculations. The waveguide modes at these frequencies are lossy and the transmitted power decays along the waveguide. The power loss is higher for longer waveguides due to higher power transfer to the modes of the photonic crystal. Therefore, the power transmission is reduced for longer waveguides. This is shown in Fig. 11 , which shows the transmission spectra for the structures with different PBG waveguide lengths.
E. Multimode Coupling of the Slab and the PBG Waveguides
Until now, we concentrated mainly on the single-mode coupling of the slab and PBG waveguides. On the other hand, the PBG waveguides in the previous reports [4] - [6] were made by removing one row of either air columns or dielectric rods from the photonic crystal. The slab thickness in such waveguides is too thick for single-mode propagation. Although multimode waveguides are not desirable for practical applications, we briefly discuss the coupling of the slab and PBG waveguides in the multimode regime for the sake of completeness. Fig. 12 shows the transmission spectrum from a slab waveguide to a PBG waveguide in the multimode regime excited with the fundamental mode of the dielectric slab waveguide. The PBG waveguide was made by removing one row of air holes resulting in the slab thickness of for both waveguides. The results shown in Fig. 12 are similar to those shown in Fig. 8 for larger . As explained before, using a thick slab results in shifting the DBR peak to lower frequencies. Another effect in the multimode regime is that the larger confinement of the field in the slab region reduces the coupling of the slab mode to the other modes of the photonic crystal. This allows high transmission even in the higher frequencies where the modes of the photonic crystal exist. Other properties like the effects of the PBG mirror thickness and that of the guiding length are similar to those in the single-mode regime.
V. DISCUSSION
The results shown in this paper suggest that we can think of a PBG waveguide as the combination of a slab waveguide, a DBR, and a photonic crystal whose modes are responsible for power loss. These three portions of a PBG waveguide can be designed almost independently to obtain the desired performance. We can change the slab thickness easily. We can also change the properties of the DBR by changing the corrugations (geometrical deviations from a perfect flat slab caused by the photonic crystal) on the top and bottom of the slab. This can be done, for example, by changing the radii (and/or the centers, or even the shapes) of the air holes of the photonic crystal in the rows adjacent to (on top and bottom of) the middle slab. We can optimize the rest of the photonic crystal by choosing the lattice type, index contrast, and hole radii appropriately.
The slab modes are the key elements in understanding the efficient coupling of a slab waveguide to a PBG waveguide and vice versa. The major issues in the design of a high transmission window in the frequency domain are to make sure that the power is not coupled to any other PBG mode in that window, and to move the DBR peak frequencies far enough from the window. As a result, we can design the optical elements using photonic crystals, and use dielectric slab waveguides connected to short PBG waveguides to connect these optical elements. Our results also suggest that we can use dielectric slab waveguides for efficient coupling of light into and out of PBG waveguides through using the well-known methods for efficient coupling of light into and out of a dielectric slab waveguide (from a fiber or from free space). For example, a tapered slab waveguide can be used for optimizing the coupling efficiency.
We can also support surface modes in a dielectric slab by placing a PBG mirror on one side (top or bottom) of it. Again, the properties of the surface mode can be changed by changing the slab thickness, the corrugation at the slab surface, and the photonic crystal design.
The results shown in this paper prove the possibility of guiding in PBG waveguides out of the PBG. We believe that this fact needs to be considered in interpreting the experimental results regarding the PBG waveguides. In other words, we should not interpret all evidence of the guiding in PBG waveguides to the guided modes inside the PBG. 
VI. CONCLUSION
We showed here the existence and the properties of the slab modes of PBG waveguides. We showed that these guiding modes can propagate without significant attenuation outside the PBG of the photonic crystal. These modes are similar to the conventional slab waveguide modes, and are practically lossless over a frequency range larger than the PBG. We also showed that we can obtain efficient power transmission from a slab waveguide to a PBG waveguide over a relatively wide frequency range.
The optimization of the PBG waveguide, especially when it is coupled to a slab waveguide can be done by choosing the appropriate slab thickness to guarantee single-mode propagation in the frequency range of interest, by shaping the corrugation on both sides of the slab to place the peaks of the DBR outside the desired frequency range, and by designing the photonic crystal on both sides of the slab to have no other (extended) mode in the desired frequency range.
Our results suggest that we can make optical elements using sections of PBG waveguides and use slab waveguides to efficiently connect different PBG optical elements. The results are also significant in explaining the experimental results regarding PBG waveguides. We think that this work defines a new pathway in the design, optimization, and application of the photonic crystal optical waveguides.
